We analyze the interaction of microwave and optical electric field in a microwave polarization detector based on photonic technology for Electromagnetic Compatibility (EMC) 
I. INTRODUCTION
Electromagnetic compatibility (EMC) is the ability of an electronic system to function properly without generating pollution to the electromagnetic environment [1] . EMC test systems for measuring radiation of electromagnetic fields are required to operate with no induction and no interference. Radio-over-Fiber (RoF) technologies can be used for developing EMC test systems with their low transmission loss, no inductance, and passive sensing [2] . In RoF links for EMC test systems, an interface to convert wireless electromagnetic field signal to a lightwave signal is important.
The interface can be implemented by combining antennas and electro-optic (EO) modulators using EO optic effects of the ferroelectric optical crystals [3] . An interface using discrete antennas and discrete EO modulator have been developed [3] . However, a connection cable between a discrete antenna and an EO modulator might be caused by a microwave distortion when its frequency becomes higher. Therefore, the interface using integration of antennas and modulation electrodes in the same substrate can be applied for high frequency with low microwave distortion. Several interfaces for converting microwave to lightwave signal using antennas-integrated electrodes were reported with simple and compact structures [4] . However, in the e-ISSN: 2527-9955  p-ISSN: 1411-8289 integrated interfaces, a p recise tuning is required to obtain the best performance at the designed microwave wireless signal. An interface using patch antennas embedded with a gap was proposed also [5] , [6] . This device can be operated with very low microwave distortion and no precise tuning is required. The basic operations of this device were demonstrated successfully.
In this paper, we design an interface for converting wireless microwave to lightwave signals using two orthogonal optical waveguides and patch antennas embedded with two orthogonal gaps. By using two orthogonal gaps, wireless microwave signals with two orthogonal polarizations can be received, separated, and converted to lightwave signals directly, independently, and simultaneously. Therefore, the polarization information of a wireless microwave signal can be identified using the proposed interface. Therefore, the interface can be used for a sensor to detect wireless microwave polarization by photonic technology in EMC measurement with very low induction.
In the following sections, we will discuss the proposed interface structure and analyze its characteristics. Performance of the proposed interface to detect wireless microwave polarization are also reported and discussed. Figure 1 shows the basic structure of an interface for converting wireless microwave to lightwave signals using patch antennas embedded with two orthogonal gaps. It is composed of two orthogonal optical waveguides and a square patch antenna embedded with two orthogonal gaps. It is fabricated on a z-cut ferroelectric optical crystal, since the largest EO effect is considered along z-direction. The length of the patch antenna is set at half a wavelength for the designed microwave wireless signal. The gap widths are set in micrometer order to generate strong electric field across the gap. The two orthogonal optical waveguides are located under the edges of the two orthogonal gaps to obtain large interaction between the microwave and optical electric fields. A buffer layer is inserted between the substrate and the patch antenna to minimize optical loss due to metal material. The reverse side of the substrate is covered with a ground electrode. The basic operational principle of the proposed interface was reported by the such interface using patch antennas embedded with a single gap [5] . When a wireless signal at the designed frequency with two orthogonal linear polarizations, A-and B-polarizations shown in Figure 1 , is irradiated to the proposed device, resonant standing-wave microwave currents are appeared on the surface of the patch antenna along xand y-axes [7] . By introducing the two orthogonal narrow gaps on the patch antennas, the surface current distributions are kept except for near the gaps and displacement currents are induced across two orthogonal gaps owing to the current flow continuity [8] . Therefore, strong electric fields are also induced across the gaps G 1 and G 2 according to the linear polarization components, A-and B-polarizations, of the wireless signals. These strong electric fields can be used for optical modulation. When lightwaves propagates into the two orthogonal optical waveguides under the two orthogonal gaps, the lightwaves can be modulated by the wireless signals through an EO effect. As a result, the wireless signals can be received, separated according to the polarization, and converted to the lightwave signals independently and simultaneously. Magnitudes and phases of the two orthogonal polarization components of the wireless microwave signal can be also measured by detecting two modulated lightwaves.
II. MICROWAVE POLARIZATION DETECTOR

III. MICROWAVE ANALYSIS
The characteristics of the proposed interface in the microwave frequency range were analyzed in detail using electromagnetic field analysis software, High Frequency Structure Simulation (HFSS).
In the standard patch antenna with no gap, when a wireless microwave signal with an arbitrary polarization condition is irradiated to the device, a standing-wave microwave surface current K is induced on the metal of the patch antenna [6] . It can be expressed as
where, K x and K y are the surface current components along x-and y-axes, respectively, and x and ŷ are the unit vectors along x-and y-axes, respectively. K x and K y can be expressed as
where, K xp and K yq are the amplitude of the surface current, ω m is the wireless microwave signal angular frequency, Λ m is the microwave wavelength and ϕ is the mutual phase shift between the x-and y-current components. For simplicity, we focus on the fundamental mode case, that is p = 1 and q = 1. In this mode, the surface current becomes maximum at x = 0 along the x-axis and at y = 0 along the y-axis. Then, two narrow orthogonal gaps G 1 and G 2 are introduced at x = 0 and y = 0, respectively as shown in Figure 2 (a). The displacement currents must be induced across both the gaps for the current continuity requirement. They can be formulated as
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where D is the electric flux density ( E D ε = ), and ε is the permittivity. Therefore, the induced electric fields across the gaps are obtained by the time integration of the displacement currents [8] . It can be shown as ) sin( ) (
The field distributions on the patch antennas surface were analyzed using HFSS. Figure 2(b), (c) , and (d) show the calculated electric field distributions under the patch metal when microwave signals with different polarization conditions are irradiated to the device. When the wireless signal with a linear polarization along x-axis is irradiated to the proposed device, the strong electric field is induced across the G 1 and very weak electric field under the G 2 as shown in Figure 2 (b). On the contrary, when the polarization of the radiated wireless signal is rotated 90-degrees (along y-axis), the strong electric field is induced across the G 2 and very weak electric field under the G 1 as shown in Figure 2 (c). When a wireless signal with a l inear polarization with an angle of 45-degrees to x-and yaxes is irradiated to the device, the strong electric fields are induced across both orthogonal gaps as shown in Figure 2 (d). In this case, the induced electric fields across G 1 and G 2 are completely in-phase. When microwave signals with circular polarization states are irradiated to the device, the induced electric fields across G 1 and G 2 have the same magnitude with a 90-degrees phase difference. By using these characteristics, the polarization condition of the wireless signal can be identified. 
IV. OPTICAL MODULATION ANALYSIS
The optical modulation characteristics driven by the electric fields across the gaps were also analyzed. In order to calculate modulation indices through the EO effect, the microwave electric field observed by the lightwave propagating in the optical waveguides should be considered by taking into account the transit-time effect.
The transformation for considering the transit-time effect for the lightwave propagating in the optical waveguide WG 1 along the y-axis, can be expressed by
, where y' denotes the point of the lightwave in the coordinate system moving with the lightwave, and v g is the group velocity of the lightwave. Therefore, the microwave electric fields observed by the lightwave along the WG 1 become 
where λ 1 is the lightwave wavelength propagating in the WG 1 , r 33 is the EO coefficient, n e is the extraordinary refractive index of the substrate, Γ is a factor expressing the overlapping between the induced microwave electric field and the lightwave, and L is the length of the patch antenna. The conversion efficiency from the wireless microwave signals to the lightwave signals corresponds to the square of the modulation index of the phasemodulated lightwaves when the modulation index is smaller than 0.1 radian. The phase-modulated lightwaves are easily converted to intensity-modulated lightwave by use of an optical interferometer and a sharp-cut optical filter. The intensity-modulated lightwave can be reconverted to microwave signals using a photodetector for an optical-electrical converter. Therefore, the reconverted microwave signal level is proportional to the square of the modulation index.
Furthermore, the modulation index can be increased using an array of patch antennas as shows in Figure  3 
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− is illustrated in Figure 3(b) . Therefore, the modulation index, ∆φ x , of the patch antenna array along the WG 1 can be obtained as
where N is the total number of the patch antennas along the WG 1 . The optical modulation characteristics in the optical waveguide WG 2 along x-axis can be also calculated using the similar procedure with the optical modulation analysis at the WG 1 
respectively, where λ 2 is the lightwave wavelength propagating in the WG 2 , n g2 is the group index of the lightwave in the WG 2 (n g2 = c/v g2 ), ζ 2 is an initial phase of the lightwave in the WG 2 (ζ 2 = k m n g2 x'), d 2 is a distance between patch antennas along the WG 2 , θ 2 is the wireless signal irradiation angle in the xz-plane, and M is the total number of the patch antennas along the WG 2 .
The microwave electric field observed by lightwave in the array form depends on the wireless microwave signal irradiation angle to the device. The irradiation angle for maximum conversion can be controlled by tuning the distances between the patch antennas d 1 and d 2 . Based on that, a wireless signal at a certain irradiation angle in a three-dimensional (3-D) space can be received and converted directly to lightwave signals by the NxM array of patch antennas embedded with orthogonal gaps.
CONCLUSION
The interface for detecting wireless microwave polarization using patch antenna embedded with orthogonal gaps was proposed. Interaction of microwave and optical electric fields was also analyzed and discussed. By considering the electric field interaction, the microwave signal can be converted to optical signal using the simple proposed interface as the sensor in EMC measurement. Additionally, the magnitude and phase of the microwave can also be measured using the proposed interface. Therfore, EMC measurement with very low microwave distortion and loss can be obtained especially for high frequency operation. Now, we are attempting to realize the proposed interface and perform its functionality in EMC measurement.
